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(54) Emission control system for internal combustion engine 



(57) An emission control system for an internal com- 
bustion engine (1) includes a NOx catalyst (41) dis- 
posed in an exhaust system (40) of the internal combus- 
tion engine and having a property of promoting reactions 
for reducing NOx when a concentration of a reducing 
substance in an exhaust gas becomes high, and reduct- 



ant adding means (14 r 16, 17, P2) for adding a reducing 
agent to the exhaust gas flowing into the NOx catalyst 
through the exhaust system. The emission control sys- 
tem further includes control means (80) for controlling 
the reductant adding means to add the reducing agent 
in the form of droplets to the exhaust gas. 
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Description 

BACKGROUND OF THE INVENTION 

1. Field of Invention 5 

[0001] The invention relates to an emission control 
system for internal combustion engines capable of per- 
forming lean-burn combustion, which system supplies 
a reducing agent to a portion of an exhaust system of 
the engine which is located upstream of a NOx catalyst 
disposed therein, thereby promoting removal or purifi- 
cation of harmful components contained in the exhaust 
gas. 

2. Description of Related Art 

[0002] A diesel engine or a gasoline engine capable 
of performing lean-burn combustion is operated in most 
of the total operating or driving region with an air-fuel 
mixture having a high air-fuel ratio (i.e., a fuel-lean at- 
mosphere) being supplied for combustion. In the inter- 
nal combustion engine of this type, a NOx absorbent (or 
NOx catalyst) capable of absorbing nitrogen oxides 
(NOx) in a fuel-lean atmosphere is generally provided 
in an exhaust system of the engine. 
[0003] In general, the NOx catalyst has a property of 
absorbing NOx when the concentration of a reducing 
substance in the exhaust gas is low and of releasing 
NOx when the concentration of the reducing substance 
in the exhaust gas is high. If the reducing substance, 
such as hydrocarbon (HC) or carbon oxide (CO), is 
present in the exhaust gas, NOx which has been re- 
leased from the NOx catalyst immediately reacts with 
the reducing substance, and is thereby reduced to ni- 
trogen (N 2 ). Meanwhile, there is a limit to the quantity of 
NOx that can be trapped and stored in the NOx catalyst, 
and the limit quantity may be called "saturation quanti- 
ty". If the NOx catalyst has absorbed NOx to the limit 
quantity, therefore, the catalyst stops absorbing any fur- 
ther NOx even if the concentration of the reducing sub- 
stance in the exhaust gas is low. 
[0004] In view of the above situation, an emission con- 
trol system as disclosed in Japanese Patent No. 
2845056 includes an addition value adapted for supply- 
ing a reducing agent to an exhaust system of an internal 
combustion engine. With the addition valve, the emis- 
sion control system repeatedly perform control for add- 
ing the reducing agent into the exhaust gas flowing into 
a NOx catalyst at predetermined intervals before the 
quantity of NOx stored in the NOx catalyst reaches a 
predetermined level. When the emission control system 
supplies the reducing agent into the exhaust system via 
the addition valve as described above, the supplied re- 
ducing agent is sprayed or diffused into a mist and there- 
by increases the concentration of the reducing sub- 
stance in the exhaust gas. As a result, NOx stored in the 
NOx catalyst (which will be referred to as "stored NOx") 



is released and the released NOx is then reduced and 
removed while at the same time the NOx storage capac- 
ity of the NOx catalyst is recovered. 
[0005] As described above, by supplying the reducing 
agent into the exhaust system via the addition valve, the 
amount of the reducing substance in the exhaust gas 
flowing into the NOx catalyst can be increased as re- 
quired at desired times, and therefore the exhaust gas 
purification efficiency of the NOx catalyst can be kept 
high constantly. 

[0006] With an emission control system as disclosed 
in the above-identified publication, the reducing agent 
supplied into the exhaust system via the addition valve 
is transferred while being diffused in the form of a mist, 
and acts on the stored NOx when it passes through the 
NOx catalyst. 

[0007] At this time, however, only a portion of the mist- 
like reducing agent that reaches the NOx catalyst con- 
tacts with a surface of the catalyst and substantially acts 
on the stored NOx. The rest of the reducing agent pass- 
es through the catalyst without reacting with the stored 
NOx, and is released as an excess portion to the down- 
stream side of the catalyst. An oxidization catalyst may 
be provided downstream of the NOx catalyst for purify- 
ing (oxidizing) the excess portion of the reducing agent. 
However, it is difficult in fact to purify the excess reduc- 
ing agent by the oxidization catalyst, since the exhaust 
gas into which the reducing agent is diffused does not 
contain a sufficiently large amount of oxygen (namely, 
the exhaust gas as a whole is a fuel-rich atmosphere). 

SUMMARY OF THE INVENTION 

[0008] It is therefore an object of the invention to pro- 
vide an emission control system for an internal combus- 
tion engine, which permits an efficient use of an exhaust 
gas purification function of a NOx catalyst disposed in 
an exhaust system of the internal combustion engine. 
[0009] To accomplish the above object, the invention 
provides an emission control system for an internal com- 
bustion engine, including (a) a NOx catalyst disposed in 
an exhaust system of the internal combustion engine 
and having a property of promoting reactions for reduc- 
ing NOx when a concentration of a reducing substance 
in an exhaust gas becomes high, and (b) reductant add- 
ing means for adding a reducing agent to the exhaust 
gas flowing into the NOx catalyst through the exhaust 
system. The emission control system further includes 
control means for controlling the reductant adding 
means to add the reducing agent in the form of droplets 
to the exhaust gas. 

[0010] Preferably, the NOx catalyst has a property of 
absorbing NOx when the concentration of the reducing 
substance(s) in the exhaust gas is relatively low, and 
releasing NOx absorbed therein while promoting reduc- 
ing reactions when the concentration of the reducing 
substance(s) in the exhaust gas is relatively high. 
[001 1 ] Here, the reducing agent in the form of droplets 
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may consist of liquid particles having a particle size of 
approximately 10 um to 100 um (to which the invention 
is not limited), and the liquid particles may be dispersed 
in the form of a mist in the exhaust gas. The particle 
diameter of each of the particles constituting the reduc- 
ing agent is controlled to a suitable size so that each 
particle that reaches the NOx catalyst is deposited on a 
surface of the catalyst in a rough state. The suitable par- 
ticle size may differ depending upon the physical and 
chemical characteristics of the reducing agent used, the 
property and state of the exhaust gas, and the charac- 
teristics and state of the catalyst. 
[0012] The emission control system constructed as 
described above controls diffusion of the reducing agent 
added to the exhaust gas so that the reducing agent 
forms a relatively thick mist (or a locally rich atmos- 
phere) in the exhaust gas, which is then transferred to 
the NOx catalyst. The reducing agent that has been 
transferred to the NOx catalyst is relatively quickly de- 
posited on the surface of the catalyst due to the relatively 
large diameter of the particles of the reducing agent, so 
as to reduce NOx stored in the catalyst. Namely, a major 
portion of the reducing agent added to the exhaust gas 
effectively acts on the NOx catalyst without merely pass- 
ing through it. Thus, the emission control system re- 
quires a minimum amount of reducing agent for reduc- 
ing an removing NOx, assuring highly efficient use of 
the reducing agent. 

[001 3] In addition, the emission control system as de- 
scribed above is able to form a local fuel-rich atmos- 
phere in the exhaust gas, while maintaining the exhaust 
gas as a whole as a fuel-lean atmosphere, (namely, 
keeping the air-fuel ratio of the exhaust gas lean). By 
providing an oxidation catalyst that promotes oxidation 
of the reducing agent under a fuel-lean atmosphere at 
a location downstream of the NOx catalyst, an excess 
portion of the reducing agent that has passed through 
the NOx catalyst can be removed or purified with high 
reliability. 

[0014J It is preferable that the droplets of the reducing 
agent have a particle diameter of 10 u.m or larger. With 
the particle diameter thus controlled, the reducing agent 
added to the exhaust gas forms a local fuel-rich atmos- 
phere, which is unlikely to be formed by the reducing 
agent consisting of small liquid particles having a diam- 
eter of less than 10 u.m. 

[0015] Preferably, the control means changes a par- 
ticle diameter of the droplets of the reducing agent de- 
pending upon the midbed temperature of the NOx cat- 
alyst. In this case, the control means may increase the 
particle diameter of the droplets of the reducing agent 
as the temperature of the NOx catalyst increases. 
[0016] The midbed temperature of the NOx catalyst 
as well as the particle diameter of the reducing agent in 
the form of droplets are dominant parameters that de- 
termine the likelihood of deposition of the droplets of the 
reducing agent on the surface of the catalyst. Namely, 
the reducing agent in the form of droplets is more likely 



to be deposited on the surface of the NOx catalyst as 
its particle diameter or size increases within a predeter- 
mined range, and the reducing agent is less likely to be 
physically deposited on the surface of the catalyst as 

5 the midbed temperature of the NOx catalyst increases. 
Thus, the optimum conditions are easily established for 
reducing and removing NOx with the minimum amount 
of the reducing agent applied to the NOx catalyst. 
[0017] The control means may change the particle di- 

10 ameter of the droplets of the reducing agent depending 
upon the temperature of the exhaust gas as a dominant 
parameter that determines the likelihood of diffusion of 
the reducing agent in the exhaust gas, in addition to or 
in place of the particle diameter of the droplets of the 

15 reducing agent. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[001 8] The foregoing and/or further objects, features 
20 and advantages of the invention will become more ap- 
parent from the following description of preferred em- 
bodiments with reference to the accompanying draw- 
ings, in which like numerals are used to represent like 
elements and wherein: 

25 

Fig. 1 is a view schematically showing the structure 
of a diesel engine system including an emission 
control system according to a first embodiment of 
the invention; 

30 Fig. 2 is a flowchart showing a routine of reductant 
addition control performed by the emission control 
system according to the first embodiment of the in- 
vention; 

Fig. 3A and 3B are time charts showing changes in 
35 the air-fuel ratio with time when the reductant addi- 
tion control is carried out, which air-fuel ratio is cal- 
culated based on an output signal of an air-fuel ratio 
sensor provided downstream of a catalyst; 
Fig. 4 is a flowchart showing a routine of reductant 
*o addition control performed by an emission control 
system according to a second embodiment of the 
invention; and 

Fig. 5 is a graph showing a relationship between the 
particle diameter of droplets of the reducing agent 
45 and the NOx purification efficiency . 

DETAILED DESCRIPTION OF PREFERRED 
EMBODIMENTS 

so First Embodiment 

[0019] An emission control system for an internal 
combustion engine according to a first embodiment of 
the invention will be described in detail. In the first em- 
55 bodiment, the emission control system is used in a die- 
sel engine system. An internal combustion engine 
(which will be referred to as "engine") 1 shown in Fig. 1 
is in the form of an in-line four-cylinder diesel engine that 
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includes a fuel supply system 10, combustion chambers 
20, an intake system 30, an exhaust system 40 and so 
on, as its main components. 

[0020] The fuel supply system 10 includes a supply 
pump 11, a common rail 12, fuel injection valves 13, a 
cut-off valve 14, a regulating valve 16, a reductant ad- 
dition valve 17, an engine fuel passage P1, an addition 
fuel passage P2, and other components. 
[0021] The supply pump 11 is adapted to highly pres- 
surize fuel delivered from a fuel tank (not shown) and 
supply it to the common rail 12 via the engine fuel pas- 
sage P1. The common rail 12 functions as an accumu- 
lator to maintain the high-pressure fuel supplied from 
the supply pump 11 at a predetermined high pressure, 
and distributes the accumulated fuel to the fuel injection 
valves 13. Each of the fuel injection valves 1 3 is an elec- 
tromagnetic valve with an electromagnetic solenoid (not 
shown) provided therein, and is controlled to open as 
needed to inject the fuel into a corresponding one of the 
combustion chambers 20. 

[0022] The supply pump 11 supplies a portion of the 
fuel from the fuel tank to the reductant addition valve 17 
via the addition fuel passage P2. In the addition fuel pas- 
sage P2, the cut-off valve 14 and the regulating valve 
16 are arranged between the supply pump 11 and the 
reductant addition valve 17 such that the cut-off yalve 
14 is located closer to the supply pump 11 than the reg- 
ulating valve 14. The cut-off valve 14 serves to cut off 
the addition fuel passage P2 to stop the fuel supply in 
an emergency. The regulating valve 16 is operated to 
control the pressure (fuel pressure) PG of the fuel to be 
supplied to the reductant addition valve 17. Like the fuel 
injection valves 13, the reductant addition valve 17 is an 
electromagnetic valve with an electromagnetic solenoid 
(not shown) provided therein, and is adapted to supply 
a suitable amount of fuel serving as a reductant or re- 
ducing agent into a portion of the exhaust system 40 
upstream of a catalyst casing 42 at appropriate times. 
[0023] The intake system 30 forms a passage (an in- 
take passage) of the intake air to be supplied into each 
of the combustion chambers 20. On the other hand, the 
exhaust system 40 forms a passage (an exhaust pas- 
sage) of the exhaust gas emitted from each combustion 
chamber 20. : 

[0024] Besides, the engine 1 is provided with a known 
supercharger (i.e., a turbocharger) 50. The turbocharg- 
er 50 includes two turbine wheels 52, 53 coupled to each 
other via a shaft 51. The turbine wheel 52 (an intake- 
side turbine wheel) is exposed to the intake air in the 
intake system 30, whereas the turbine wheel 53 (an ex- 
haust-side turbine wheel) is exposed to the exhaust gas 
in the exhaust system 40. The turbocharger 50 thus con- 
structed is operable to perform so-called supercharging 
to increase the pressure of the intake air by rotating the 
intake-side turbine wheel 52, utilizing the flow of the ex- 
haust gas (exhaust gas pressure) to which the exhaust- 
side turbine wheel 53 is subjected. 
[0025] In the intake system 30, the intake air that has 



been heated while being supercharged is. forcedly 
cooled at an intercooler 31 provided in the turbocharger 
50. A throttle valve 32 is provided downstream of the 
intercooler 31 . The throttle valve 32 is an electronically 

5 controlled open-close valve capable of changing its 
opening amount continuously, and functions to adjust 
(decrease) the quantity of supply of the intake air by re- 
ducing the area of a flow path of the intake air under 
predetermined conditions. 

10 [0026] In the engine 1, there is also provided an ex- 
haust gas recirculation passage (an EGR passage) 60. 
The EGR passage 60 serves as a bypass to communi- 
cate portions upstream and downstream of the combus- 
tion chambers 20 (portions in the intake system 30 and 

15 the exhaust system 40). During operations of the engine 
1 , a portion of the exhaust gas is returned to the intake 
system 30 through the EGR passage 60 when appro- 
priate. The EGR passage 60 is provided with an EGR 
valve 61 that is electronically controlled to be opened 

20 and closed continuously or steplessly and is thus capa- 
ble of flexibly adjusting the quantity of the exhaust gas 
flowing in the EGR passage 60. The EGR passage 60 
is also provided with an EGR cooler 62 serving to cool 
the exhaust gas passing through the EGR passage 60 

25 while being recirculated. 

[0027] Also, the catalyst casing 42 that houses a stor- 
age-reduction type NOx catalyst (which will be simply 
referred to as "catalyst") 41 is provided downstream of 
a portion of the exhaust system 40 at which the exhaust 

30 system 40 and the EGR passage 60 communicate. The 
catalyst 41 stored in the catalyst casing 42 includes (a) 
a support formed of, for example, alumina (Al 2 0 3 ), (b) 
at least one element carried on the support and selected 
from alkali metal such as potassium (K), sodium (Na), 

35 lithium (Li) and cesium (Cs), alkali earth metal such as 
barium (Ba) and calcium (Ca), and rare earth metal such 
as lanthanum (La) and yttrium (Y), and (c) at least one 
noble metal such as platinum (Pt) also carried on the 
support. 

40 [0028] The catalyst 41 is arranged to absorb NOx 
when much oxygen is present in the exhaust gas and to 
reduce NOx into N0 2 or NO and release it to the atmos- 
phere when much reducing substance (e.g. unburned 
component of fuel (HC)) is present in the exhaust gas. 

45 The NOx that has been released after being reduced to 
N0 2 or NO immediately reacts with HC or CO contained 
in the exhaust gas to be further reduced to N 2 . As a re- 
sult of reducing N0 2 or NO, HC or CO is oxidized into 
H 2 0 or C0 2 . Accordingly, it is possible to purify the ex- 

50 haust gas of HC, CO, and NOx by suitably adjusting the 
concentration of oxygen or HC component in the ex- 
haust gas to be introduced into the catalyst casing 42 
(catalyst 41). 

[0029] Further, various sensors are installed in re- 
55 spective portions of the engine 1 . Each of the sensors 
generates a signal indicative of an environmental con- 
dition of the corresponding portion or the operating state 
of the engine 1. 
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[0030] More specifically, a rail pressure sensor 70 
generates a detection signal indicative of the pressure 
of the fuel accumulated in the common rail 12. A fuel 
pressure sensor 71 generates a detection signal indic- 
ative of the pressure (fuel pressure) PG of the fuel that 5 
passes through the addition fuel passage P2 and is to 
be introduced into the reductant addition valve 17 via 
the regulating valve 16. An airflow meter 72 is provided 
in a portion of the intake system 30 upstream of the throt- 
tle valve 32 and generates a detection signal indicative 
of the quantity (intake air quantity) Ga of the intake air. 
An air-fuel (A/F) sensor 73 is provided in a portion of the 
exhaust system 40 downstream of the catalyst casing 
42 and generates a detection signal that continuously 
changes in accordance with the oxygen concentration 
in the exhaust gas: An exhaust gas temperature sensor 
74 is also provided in a portion of the exhaust system 
40 downstream of the catalyst casing 42, and generates 
a detection signal indicative of the exhaust temperature 
TEX of the exhaust gas. Also, a NOx sensor 75 is pro- 
vided in a portion of the exhaust system 40 downstream 
of the catalyst 41, and generates a detection signal that 
continuously changes in accordance with the NOx con- 
centration CNOx in the exhaust gas. 
[0031 J Furthermore, an accelerator position sensor 
76 is attached to an accelerator pedal (not shown) and 
generates a detection signal indicative of the depression 
amount ACC of the accelerator pedal. A crank angle 
sensor 77 is adapted to generate a detection signal 
(pulse) each time an output shaft (a crankshaft) of the 
engine 1 rotates by a predetermined angle. Each of 
these sensors 70 to 77 is electrically connected to an 
electronic control unit (ECU) 80. 
[0032] The ECU 80 includes a central processing unit 
(CPU) 8 1 , a read-only memory (ROM) 82, a random ac- 
cess memory (RAM) 83, a backup RAM 84, a timer 
counter 85, and so on. These components 81 to 85, an 
external input circuit 86 including A/D converter, and an 
external output circuit 87 are interconnected with each 
other through a bidirectional bus 88, thus forming a log- 
ical calculation circuit. 

[0033] The ECU 80 thus constructed is arranged to 
receive detection signals from the respective sensors 
via the external input circuit, and perform basic controls 
such as control of fuel injection of the engine 1 . In addi- 
tion, the ECU 80 performs various other controls related 
to the operating state of the engine 1 , including a reduct- 
ant addition control for determining the timing to add a 
reducing agent (e.g., fuel serving as a reducing agent) 
and the quantity of the reducing agent to be added. 
[0034] In the embodiment, the emission control sys- 
tem of the engine 1 is constituted by the fuel supply sys- 
tem 10, the catalyst 41 disposed in the exhaust system 
40, the ECU 80 that is operable to control the functions 
of the fuel supply system 10 and the catalyst 41, and 
others. As described above, the fuel supply system 10 
functions to add fuel into the exhaust system 40 via the 
reductant addition valve 1 7 as well as to supply fuel into 



the respective cylinders via the fuel injection vatves 13. 
Thus, the above-described reductant addition control is 
performed through the operations of the ECU 80, which 
generates command signals relating to the reductant 
addition control, and the other components constituting 
the emission control system. 

[0035] Next, the basic principle and procedure of the 
reductant addition control by the emission control sys- 
tem of the embodiment will be described in detail. 
[0036] In diesel engines, generally, the oxygen con- 
centration in air-fuel mixtures to be burnt in combustion 
chambers is high in most of the operating regions of the 
engines. 

[0037] Normally, the oxygen concentration in an air- 
fuel mixture before being burnt in the combustion cham- 
bers is directly reflected by the oxygen concentration in 
the exhaust gas. More specifically, the oxygen concen- 
tration in the air-fuel mixture decreases after combus- 
tion thereof by a degree corresponding to the quantity 
of oxygen used in the combustion. When the oxygen 
concentration (air-fuel ratio) in the air-fuel mixture is 
high, therefore, the oxygen concentration in the exhaust 
gas basically becomes high in a similar way (i.e., the 
quantity of the reducing agent in the exhaust gas de- 
creases). As described above, the storage-reduction 
type NOx catalyst has a property of absorbing NOx 
when the oxygen concentration in the exhaust gas is 
high and of reducing NOx into N0 2 or NO and releasing 
the resulting NOx when the oxygen concentration in the 
exhaust gas is low (i.e., when the quantity of the reduc- 
ing agent is large). The NOx catalyst therefore continues 
to absorb NOx as long as the oxygen concentration in 
the exhaust gas is high. However, the quantity of NOx 
that can be absorbed by the NOx catalyst is limited, as 
described above. In the case where the NOx catalyst 
has already absorbed NOx to the limit quantity, there- 
fore, NOx in the exhaust gas is not absorbed by the NOx 
catalyst but passes through the catalyst casing as it is, 
which results in an increase in the NOx concentration 
on the downstream side of the catalyst 41. . 
[0038] In view of the above situation, in the engine 1 
including the reductant addition valve 17, a fuel serving 
as a reducing agent is added to a portion of the exhaust 
system 40 upstream of the catalyst 41 via the reductant 
addition valve 17 at appropriate times, in order to tem- 
porarily increase the quantity of the reducing'substance 
(s) (e.g. HC) in the exhaust gas. With the fuel thus add- 
ed, NOx which has been absorbed in the catalyst 41 is 
reduced to N0 2 or NO and is released from the catalyst 
41 , whereby the NOx absorbing capacity of the catalyst 
41 is recovered. At this time, the released N0 2 or NO is 
immediately reduced to N 2 through reaction with HC or 
CO, as described above. 

[0039] In the meantime, the reducing agent (fuel) add- 
ed into the exhaust system 40 exhibits different behav- 
iors when moving in the exhaust system 40 down to the 
catalyst 4 1 and gives different effects on the catalyst 41 , 
depending on the state of the reducing agent when add- 
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ed to the exhaust system 40. For example, if particles 
of the reducing agent sprayed into the exhaust system 
40 via the reductant addition valve 17 have a particle 
size of less than 10 urn, the reducing agent added to the 
exhaust system 40 is quickly diffused in the exhaust gas 5 
while being transferred to the catalyst 41. Conversely, if 
the reducing agent sprayed into the exhaust system 40 
via the reductant addition valve 17 consists of droplets 
each having a particle diameter of 10 ujn or larger, thick 
mist (a fuel-rich atmosphere) is locally formed by the 
droplets in the exhaust gas, to be fed into the catalyst 
casing 42. Due to the relatively large diameter of the 
particles, a majority of the reducing agent immediately 
adheres to the surfaces of the catalyst 41 when it flows 
into the catalyst casing 42. Namely, the majority of the 
reducing agent added into the exhaust gas effectively 
acts on the catalyst 41 without merely passing through 
it. Thus, it is possible to reduce and remove NOx from 
the NOx catalyst by causing a minimum quantity of re- 
ducing agent to act on the NOx catalyst with high effi- 
ciency. 

[0040] The emission control system of the embodi- 
ment is arranged to control the respective components 
including the fuel supply system 1 0, so that the reducing 
agent added to the exhaust system 40 via the reductant 
addition valve 17 forms a mist consisting of particles in 
the form of droplets. 

[0041 J Referring next to the flowchart of Fig. 2, a proc- 
ess or routine of the reductant addition control per- 
formed by the emission control system of the embodi- 
ment will be described in detail. 
[0042] Fig. 2 shows a reductant addition control rou- 
tine that is executed to control the quantity and timing 
of addition of a reducing agent when it is supplied into 
the exhaust system 40. The ECU 80 starts this routine 
at the same time that the engine 1 starts, and thereafter 
repeatedly executes the routine at intervals of a prede- 
termined time. 

[0043] In the routine, the ECU 80 first determines in 
step S101 the operating states of the engine 1 by check- 
ing the records of the NOx concentration CNOx and the 
exhaust gas temperature TEX downstream of the cata- 
lyst 41, the engine speed NE, the depression amount 
ACC of the accelerator pedal, and so on. 
[0044] The ECU 80 next determines in step S102 
whether the operating states of the engine 1 obtained 
in step S101 satisfy all of conditions for carrying out the 
addition of the reducing agent, including, for example, 
the following conditions (A1), (A2) and (A3). 

(A1) The value indicated by the detection signal 
from the NOx sensor 75 has increased to be greater 
than a predetermined value. When this condition is 
satisfied, it means that the quantity of NOx stored 
in the catalyst 41 has exceeded a predetermined 
level and it is therefore necessary to release the 
stored NOx by reducing it. 

(A2) The exhaust gas temperature TEX is higher 



than a predetermined level (e.g. 250 °C). This con- 
dition is provided for ensuring that the catalyst 41 
has been sufficiently activated. 
(A3) The operating state of the engine 1 is deter- 
mined to be suitable for carrying out the addition of 
the reducing agent on the basis of the engine speed 
NE, the depression amount ACC of the accelerator 
pedal, and so on. 

[0045] If the above conditions (A1 ) to (A3) are all sat- 
isfied, the ECU 80 then proceeds to step S103. If any 
one of these conditions is not satisfied, conversely, the 
ECU 80 finishes the routine at once. 
[0046] In step S103, the opening amount of the re- 
ductant addition valve 1 7 is adjusted so that a controlled 
amount of the reducing agent is added to the exhaust 
system 40. 

[0047] Fuel addition quantity Q that is a total quantity 
of the reducing agent supplied to the exhaust system 40 
via the reductant addition valve 17 can basically be de- 
fined as a function of the valve-open time T (micro sec- 
ond; ms) and the pressure PG of the fuel applied to the 
reductant addition valve 1 7 through the addition fuel 
passage P2 during the valve-open time T, as represent- 
ed by the following expression (1). 

Q=f(T,PG) (1) 

Namely, the ECU 80 calculates the valve-open time T 
based on the pressure (fuel pressure) PG of the fuel that 
flows through the addition fuel passage P2 so that the 
amount of the fuel supplied to the exhaust system 40 
becomes equal to the determined fuel addition quantity 
Q. Then, current is continuously or intermittently applied 
to the reductant addition valve 17 in predetermined tim- 
ing, so that the valve 17 is controlled to be opened for 
the total time (valve-open time) T so as to add the fuel 
in a pattern determined as described above. 
[0048] At this time, in the emission control system of 
the embodiment, the opening amount of the regulating 
valve 16 is adjusted (i.e., the fuel pressure PG is con- 
trolled) so as to form the reducing agent into a mist con- 
sisting of droplets each having a particle diameter of ap- 
proximately 50 urn. When the particle diameter of the 
reducing agent in the form of droplets is to be increased, 
the opening amount of the regulating valve 16 is re- 
duced so as to increase the pressure (i.e., the fuel pres- 
sure PG) of the reducing agent. 
[0049] After step S103, the ECU 80 finishes the rou- 
tine. 

[0050] Figs. 3A and 3B are time charts showing 
changes in the air-fuel ratio with time when the reducing 
agent is added under conventional reductant addition 
control (Fig. 3A) and when the reducing agent is added 
under reductant addition control according to the em- 
bodiment (Fig.3B). Here, the air-fuel ratio is calculated 
on the basis of an output signal from the A/F sensor 73 
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disposed downstream of the NOx catalyst, and the cal- 
culated air-fuel ratio is plotted on the same time axis in 
the time charts of Figs. 3A and 3B. In the time charts, 
M ti" on the time axis of each time chart represents the 
time to start the addition of the reducing agent. Mean- 5 
while, the same quantity of the reducing agent is added 
per unit time in the control of the embodiment and the 
conventional control. 

[0051] Generally, when a reducing agent is added into 
the exhaust system, the quantity of a reducing compo- 
nents) in the exhaust gas increases whereas the quan- 
tity of oxygen decreases. As a result, the air-fuel ratio 
determined based on the output signal from the A/F sen- 
sor 73 provided in the exhaust system (which will be sim- 
ply referred to as "air-fuel ratio") temporarily decreases 
(or shifts to the fuel-rich side). 
[0052] Here, if the reducing agent in the form of a mist 
consisting of small liquid particles each having a particle 
diameter smaller than 10 u.m is added to reduce the 
stored NOx under the conventional reductant addition 
control, the addition of the reducing agent need be con- 
tinued for the predetermined time T1 , thereby to keep 
the air-fuel ratio lower than the stoichiometric air-fuel ra- 
tio (i.e., maintain a fuel-rich atmosphere) for a certain 
period of time (refer to Fig. 3A). 
[0053] To the contrary, it has been confirmed by the 
present inventors that, if the reducing agent in the form 
of a mist consisting of droplets each having a relatively 
large particle diameter is added under the reductant ad- 
dition control of the embodiment, the NOx stored in the 
catalyst is sufficiently effectively reduced even if the ad- 
dition of the reducing agent continues only for a relative- 
ly short time (T2) with the air-fuel ratio being larger than 
the stoichiometric air-fuel ratio (refer to Fig. 3B). 
[0054] Moreover, it is apparent from comparison be- 
tween changes in the air-fuel ratio with time in the con- 
ventional reductant addition control (Fig. 3 A) and those 
in the control of the embodiment (Fig. 3B) that the rate 
or speed of change of the air-fuel ratio toward the fuel- 
rich side from the time ti (reductant addition start point) 
under the control of the embodiment is higher than that 
under the conventional reductant addition control. In 
other words, the rate of change of the air-fuel ratio in 
response to the implementation of the reductant addi- 
tion control is higher than that of the conventional con- 
trol. 

[0055] With the reductant addition control according 
to the embodiment, the reducing agent added into the 
exhaust system in the form of a mist consisting of drop- 
lets (relatively large particles) creates a local fuel-rich 
atmosphere in the exhaust gas, which atmosphere then 
directly and instantly act on the NOx catalyst, even 
though the apparent amount of reduction of the air-fuel 
ratio appears is small (i.e., the atmosphere around the 
local fuel-rich atmosphere is fuel-lean) under this con- 
trol. Accordingly, it is possible to reduce and remove the 
stored NOx by causing a minimum quantity of the re- 
ducing agent to act on the NOx catalyst with high effi- 



ciency. 

[0056] Although the local fuel-rich atmosphere is cre- 
ated in the exhaust gas under the reductant addition 
control of the embodiment as described above, the at- 
mosphere around the local fuel-rich atmosphere is kept 
fuel-lean. If an oxidation catalyst that promotes oxidiza- 
tion of the reducing agent in a fuel-lean atmosphere is 
provided downstream of the NOx catalyst, it is possible 
to surely and easily remove a remaining portion of the 
reducing agent that has passed through the NOx cata- 
lyst. 

[0057] In the meantime, the particle diameter of the 
droplets (reducing agent) used in the above-described 
reductant addition control is at least 10 jim or larger, and 
preferably is about 20 to 100 urn, and more preferably 
is around 50 u.m, though it differs depending upon the 
physical and chemical characteristics of the reducing 
agent used, the property and state of the exhaust gas, 
and the characteristics and state of the catalyst 41. 

Second Embodiment 

[0058] Next, an emission control system according to 
a second embodiment of the invention will be described. 
In the following, differences of the second embodiment 
from the first embodiment will be mainly described. 
[0059] The emission control system of the second 
embodiment is used in an internal combustion engine 
which has substantially the same function and construc- 
tion as those of the engine 1 in the first embodiment. 
Therefore, elements of the internal combustion engine 
in which the emission control system is used and ele- 
ments of the emission control system, each having the 
same or equivalent function as that in the first embodi- 
ment, will be denoted by the same reference, numerals 
and characters, and will not be described herein in de- 
tail. 

[0060] The emission control system of the second 
embodiment is different from that of the first embodi- 
ment in that the particle diameter of droplets forming a 
mist of the reducing agent supplied through the reduct- 
ant addition valve 17 is changed according to the mid- 
bed temperature of the catalyst 41 in the reductant ad- 
dition control. 

[0061] Fig. 4 is a flowchart showing "reductant addi- 
tion control routine" which is implemented by the ECU 
80 to control the quantity and time of addition of the re- 
ducing agent when the reducing agent is supplied to the 
exhaust system 40. 

[0062] The processes in step S201 and step S202 in 
this routine are basically the same as or equivalent to 
those in step S101 and step S 102 of the reductant ad- 
dition control routine according to the first embodiment 
(Fig. 2), respectively. In step S201, however, for deter- 
mining the operating state of the engine 1, the ECU 80 
also checks the midbed temperature of the catalyst 41 
as well as the records of the NOx concentration CNOx 
and the exhaust gas temperature TEX downstream of 
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the catalyst 41 , the engine speed NE, and the depres- 
sion amount ACC of the accelerator pedal. The midbed 
temperature of the NOx catalyst can be actually meas- 
ured by providing a temperature sensor in the catalyst 
casing 42, or can be estimated based on the exhaust 
gas temperature TEX with reference to other parame- 
ters such as the depression amount ACC of the accel- 
erator pedal. 

[0063] Next, if it is determined in step S202 that the 
conditions for carrying out the addition of the reducing 
agent are all satisfied, the ECU then determines in step 
S203 the particle diameter of droplets of the reducing 
agent to be added, on the basis of the midbed temper- 
ature of the catalyst 41 checked in step S201 as de- 
scribed above- 

[0064] Fig. 5 is a graph showing a relationship be- 
tween the particle diameter of droplets of the reducing 
agent constituting a mist and the NOx reduction efficien- 
cy (or NOx removal efficiency) when the mist consisting 
of the droplets is supplied to the exhaust system 40 to 
reduce and remove the NOx stored in the catalyst. In 
Fig. 5, the curve plotted by a solid line represents the 
relationship established when the midbed temperature 
of the catalyst 41 is relatively low (e.g. 250 °C), whereas 
the curve plotted by a dashed line represents the rela- 
tionship established when the midbed temperature of 
the catalyst 41 is relatively high (e.g. 400 °C). As is ap- 
parent from Fig. 5, the particle diameter of the droplets 
that provides the optimum NOx removal efficiency dif- 
fers depending on the midbed temperature of the cata- 
lyst 41 (refer to points Q and R in the graph of Fig. 5). 
[0065] In the emission control system (ECU 80) of the 
embodiment, therefore, a map representing the relation- 
ship between the particle diameter of droplets (reducing 
agent) that provides the optimum NOx removal efficien- 
cy and the midbed temperature of the catalyst 41 is 
stored, for example, in the ROM 82. In step S203, the 
ECU 80 determines the particle diameter of the droplets 
of the reducing agent used in the current reductant ad- 
dition control with reference to the map thus obtained. 
[0066] Subsequently, the ECU 80 operates to drive 
the reductant addition valve 17 and the regulating valve 
16 so as to supply a mist consisting of droplets of the 
reducing agent each having the diameter (determined 
in step S203) into the exhaust system 40 in step S204 
in the same manner as step S103 of the reductant ad- 
dition control routine of the first embodiment (Fig. 2). 
[0067] After step S204, the ECU 80 finishes the rou- 
tine. 

[0068] As described above, when the emission con- 
trol system of the embodiment reduces and removes the 
stored NOx by using the reducing agent in the form of 
droplets, the purification efficiency of the NOx catalyst 
is optimized based on the relationship between two 
dominant parameters (the particle diameter of droplets 
and the reaction temperature of the catalyst) which de- 
termine the purification efficiency of the NOx catalyst. It 
is thus possible to constantly ensure a high exhaust gas 



purification efficiency, which would be achieved through 
the use of the reducing agent in the form of droplets, 
even if a change occurs in an environmental condition 
(such as a temperature) that affects the function of the 
5 NOx catalyst. This arrangement is advantageous in an 
internal combustion engine in which a fuel-lean atmos- 
phere is frequently burned in the engine and therefore 
the temperature of the exhaust gas frequently and large- 
ly changes. In this type of the engine, the emission con- 
trol system of the second embodiment provides a sig- 
nificantly enhanced effect in terms of NOx removal due 
to addition of the reducing agent in the form of droplets, 
as compared to the first embodiment. 
[0069] In the meantime, while the particle diameter of 
droplets (reducing agent) to be added via the reductant 
addition valve 1 7 is changed in accordance with the mid- 
bed temperature of the catalyst 41 in the second em- 
bodiment, the particle diameter may be changed in ac- 
cordance with the exhaust gas temperature TEX instead 
of the midbed temperature of the catalyst 41, or with 
both the midbed temperature and the exhaust gas tem- 
perature TEX. Similarly to the first embodiment, the par- 
ticle diameter of the droplets (reducing agent) may be 
increased as the exhaust gas temperature TEX increas- 
es. 

[0070] Also, while a fuel (i.e., light oil) for a diesel en- 
gine is used as the reducing agent in the above-illustrat- 
ed embodiments, other substance, such as gasoline or 
kerosine, may be used provided that it serves as a re- 
ducing component having a function of reducing NOx 
and is able to exist in the form of droplets in the exhaust 
gas. 

[0071] In each of the illustrated embodiments, the 
emission control system is constructed such that a por- 
tion of the fuel delivered from the fuel tank by the supply 
pump 1 1 for supplying the fuel from the fuel tank to the 
common rail 12 is added into the exhaust system 40. 
However, the invention is not limited to this arrange- 
ment. For example, an independent supply system may 
be provided for supplying addition fuel from the fuel tank 
or other fuel (reductant) supply source. 
[0072] Also, while the emission control system is used 
in the in-line four-cylinder diesel engine 1 as an internal 
combustion engine in each of the illustrated embodi- 
ments,, the emission control system of the invention 
may also be suitably employed in a gasoline engine ca- 
pable of performing lean-burn combustion. Also, in ad- 
dition to the in-line four-cylinder engine, the emission 
control system according to the invention may also be 
employed in an internal combustion engine with a dif- 
ferent number of cylinders. 



Claims 

1. An emission control system for an internal combus- 
tion engine ( 1 ), including (a) a NOx catalyst (4 1 ) dis- 
posed in an exhaust system (40) of the internal 
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combustion engine and having a property of pro- 
moting reactions for reducing NOx when a concen- 
tration of a reducing substance in an exhaust gas 
becomes high, and (b) reductant adding means (14, 
16, 17, P2) for adding a reducing agent to the ex- 
haust gas flowing into the NOx catalyst through the 
exhaust system, characterized by comprising: 

control means (80) for controlling the reductant 
adding means to add the reducing agent in the 
form of droplets to the exhaust gas. 

2. The emission control system according to claim 1 , 
wherein the droplets of the reducing agent have a 
particle diameter of about 10 urn or larger. 

3. The emission control system according to claim 2, 
wherein the droplets of the reducing agent have a 
particle diameter in a range of about 20 jam to about 
100 u.m. 

4. The emission control system according to claim 2 
or 3, wherein the droplets of the reducing agent 
have a particle diameter in the vicinity of 50 urn. 

5. The emission control system according to any one 
of claims 1-4, wherein the reductant adding means 
comprises a reductant addition valve (17) through 
which the reducing agent is added to the exhaust 
gas flowing into the NOx catalyst, and wherein the 
control means controls a valve-open time of the re- 
ductant addition valve based on a pressure of the 
reducing agent applied to the reductant addition 
valve so as to achieve addition of a required amount 
of the reducing agent. 

6. The emission control system according to claim 5, 
wherein the control means controls the pressure of 
the reducing agent, thereby to achieve a desired 
particle size of the droplets. 

7. The emission control system according to claim 6, 
wherein the control means reduces the pressure of 
the reducing agent so as to increase the particle 
size of the reducing agent in the form of the droplets. 

8. The emission control system according to claim 6 
or 7, wherein the reductant adding means compris- 
es a regulating valve (16) disposed in a reductant 
passage between a fuel tank and the reductant ad- 
dition valve (1 7), and wherein the control means ad- 
justs an opening amount of the regulating valve to 
control the pressure of the reducing agent applied 
to the reductant addition valve, thereby to achieve 
the desired particle size of the droplets. 

9. The emission control system according to any one 
of claims 1-8, wherein the control means changes 



a particle diameter of the droplets of the reducing 
agent depending upon a temperature of the NOx 
catalyst. 

5 10. The emission control system according to claim 9, 
wherein the control means increases the particle di- 
ameter of the droplets of the reducing agent as the 
temperature of the NOx catalyst increases. 

10 11. The emission control system according to any one 
of claims 1-10, wherein the control means changes 
a particle diameter of the droplets of the reducing 
agent depending upon a temperature of the exhaust 
gas. 

15 

12. The emission control system according to claim 11 , 
wherein the control means increases the particle di- 
ameter of the droplets of the reducing agent as the 
temperature of the exhaust gas increases. 

20 

13. The emission control system according to any one 
of claims 1-12, wherein the internal combustion en- 
gine comprises a diesel engine, and the reducing 
agent comprises light oil. 
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tion engine and having a property of promoting reactions 
for reducing NOx when a concentration of a reducing 
substance in an exhaust gas becomes high, and reduct- 



ant adding means (14, 16, 17, P2) for adding a reducing 
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tem further includes control means (80) for controlling 
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